Introduction 59
The notion of a primary sensory cortex for each modality originates with the very first studies in 60 functional neuroanatomy, over a century ago. While recent electrophysiological and neuroimaging 61 studies have often reported responses to non-preferred input modalities in primary cortical areas 62 (Sadato et visual cortices are involved in tactile encoding (Snow et al., 2014) . However, the fine-grained spatial 71 organization of these "foreign source maps" in early sensory cortex has never been examined in 72 either intact or sensory-deprived individuals. It therefore remains an open question whether the 73 fine-grained topographic mapping format that characterizes responses to the native modality in early 74 sensory cortex is also used to represent non-afferent input, or whether different formats are used. 75 Studies on visual body perception, for example, indicate that visual representations in 76 somatosensory cortex may perhaps be distorted (Longo and Haggard, 2010; Fuentes et al., 2013) . In 77 addition, it has been suggested that fine-grained back-projections from higher-level cortical areas 78 down to primary sensory cortices may be absent, or masked (Keysers et al., 2010) . This would 79 suggest that hypothetical non-afferent inputs are at best coarsely mapped. 80
In primary somatosensory cortex (S-I) in particular, non-afferent responses remain controversial. 81 While primary visual cortex has repeatedly been shown to respond to touch, area 3b is rarely reliably 82 activated by visual stimuli (Meehan et . This supports the current view that area 3b encodes mechanical touch only rather than 87 observed touch. Further, area 3b could provide the neuronal substrate to distinguish perceived touch 88 from observed touch (Kuehn et al., 2013 ) -a computation that can be critical to the survival of the 89 organism. 90
Here, we used ultra-high field imaging at 7 Tesla to shed light on this issue. We characterized 91 topographic representations of single fingers in area 3b, first during tactile stimulation, and then 92 while the same participants viewed individual fingers of another person's hand receiving similar 93 tactile stimulation. We computed somatotopic maps for both tactile and visual input modalities, and 94 tested whether touch to fingers and visual observation of finger touches activated topographic and 95 tangentially aligned finger maps in area 3b. Importantly, we also tested whether these maps were 96 robust across viewing perspectives, and were specific for observing a finger that had actually been 97 touched versus merely approached. Finally, we controlled for the potential influence of finger 98 movements on visual map formation using electromyography (EMG). Our results provide a novel 99 perspective on the functional roles of "foreign source maps" in primary sensory cortex, and shed new 100 light on associated models on multisensory integration, social cognition, and learning. 101
Materials and Methods 102
Participants 103
Sixteen healthy, female participants between 20 and 36 years of age (mean age: 26.25 ± 3.87 years 104
[mean ± SD]) took part in the phase-encoded fMRI study, which was comprised of three scanning 105 sessions (two visual sessions, one tactile session, each recorded at separate days, see Figure 1 ). 106
Participants were right-handed, and none of them had a recorded history of neurological or 107 psychiatric diseases. This participant number is well above estimated sample sizes needed for robust 108 power detection at the single subject level (Desmond and Glover, 2002) , and a similar sample size 109 was used in previous studies on visual responses in the somatosensory system (Kuehn et al., 2013; 110 Kuehn et al., 2014) . Thirteen healthy, female participants between 20 and 35 years of age 111 participated in the blocked-design fMRI study, which again comprised three scanning sessions (two 112 visual sessions, one tactile session, each recorded at separate days, see Figure 1 ). Some of them 113 participated in both studies (n = 9, mean age: 25.33 ± 4.30 years). All participants gave written 114 informed consent prior to scanning, and were paid for their attendance. Both studies were approved 115 by the local Ethics committee at the University of Leipzig. Data collection was restricted to female 116 participants due to equipment requirements (see section fMRI scanning procedure (tactile sessions)). 117
Twelve novel, healthy, female participants between 18 and 30 years of age (mean age: 24.58 ± 3.03 118 years) took part in two additional EMG experiments. Participants were right-handed, and none of 119 them had a recorded history of neurological or psychiatric diseases. We ensured that this participant 120 number is above sample sizes needed to obtain robust EMG effects (see below). All participants gave 121 written informed consent prior to the start of the experiment, and were paid for their attendance. 122
Both studies were approved by the local Ethics committee at the University of Leipzig. 123
Scanning acquisition parameters 124
Functional and structural MRI data were acquired using a 7T MR scanner (Magnetom 7T, Siemens  125 Healthcare Sector, Erlangen, Germany) with a 24-channel NOVA head coil in Leipzig (MPI CBS). At the 126 beginning of each scanning session, high-resolution 3D anatomical T1-weighted whole-brain scans 127
were acquired using an MPRAGE sequence with the following parameters: echo spacing = 6.1 ms, TE 128 = 2.26 ms, TI = 1100 ms, flip angle = 6°, isotropic voxel resolution = while the SNR from single-shot 3D-GRASE is very low (Kemper et al., 2016) . 148
For each participant, we also acquired a T1-weighted 3D MPRAGE sequence with selective water 149 excitation and linear phase encoding at the Siemens TIM Trio 3T scanner (the above listed sequences 150 were collected at the 7T scanner). Imaging parameters were: TI = 650 ms, echo spacing = 6.6 ms, TE = 151 3.93 ms, alpha = 10°, bandwidth = 130 Hz/pixel, FOV = 256 mm x 240 mm, slab thickness = 192 mm, 152 128 slices, spatial resolution = 1 mm x 1 mm x 1.5 mm, 2 acquisitions. 153 fMRI scanning procedure (general) 154
There were two fMRI studies in total, one phase-encoded study, and one blocked-design study (see 155 Figure 1 for an overview). Each study consisted of three scanning sessions (two visual sessions 156 (sessions 1 and 2), and one tactile session (session 3)). There were two visual sessions to increase 157 statistical power of visual map analyses. Scanning sessions took place on separate days (phase-158 encoded study: mean = 6.25 ± 1.0 days between scanning sessions 1 and 2, mean = 13.19 ± 13.51 159 days between scanning sessions 2 and 3, blocked-design study: mean = 7.44 ± 1.33 days between 160 sessions 1 and 2, mean = 19.11 ± 8.42 days between sessions 2 and 3, measures were taken between 161 8 AM and 7 PM). Both studies were separated by around 1.5 years (mean = 20.67 ± 1.22 months). In 162 the first two scanning sessions of both studies (visual sessions), participants observed video clips in 163 the scanner. In the third scanning session of both studies (tactile sessions), participants experienced 164 physical tactile stimulation on their own fingertips. In the phase-encoded design, there were four experimental conditions in each session: Tactile 196 stimulation to the index finger, the middle finger, the ring finger, and the small finger, in repeated 197 cycles (see Figure 1 ). pseudo-randomly presented with the constraint that no condition was presented more than twice in 231 a row, and that the order of the experimental conditions was presented in mirror-symmetric fashion. 232 We tested in two blocks: in one block, tactile stimulation to the index finger or the ring finger was 233 applied, in the other block, tactile stimulation to the middle finger or the small finger was applied. 234
Block-order was counter balanced across participants. There was a short break separating blocks. 235
Total experimental time was 37 minutes. 236
fMRI scanning (visual sessions) 237
In the visual session of the phase-encoded study, four conditions were tested: Observed tactile 238 stimulation to the index finger, middle finger, ring finger, or small finger, respectively. In all 239
conditions, touches to the right hand were observed, oriented in first person perspective with the 240 palm up (see Figure 1) . Sandpaper of six different grit values and similar color was used for 241 stimulation (Kuehn et al., 2013) . The same sandpaper was also used for tactile stimulation (see 242 above). Within each video clip (lasting 9 seconds), one finger was stroked by a piece of sandpaper 243 three times consecutively. Whereas the whole hand was seen in all video clips (and was always in the 244 same position on the screen), only finger tips were stroked, and the device moving the sandpaper 245 was not visible. After each video clip, a response screen appeared for 1.6 seconds with the numbers 246 1 to 6 displayed horizontally, and equally spaced (see Figure 1 ). Similar to the tactile session, 247 participants were instructed to fixate the number which best matched the roughness level of the 248 sandpaper they had seen in the previous trial (1 = lowest roughness, 6 = maximal roughness). No 249 active button presses -which could potentially activate the finger map of the motor and 250
proprioceptive systems -were required for responding. Responses (i.e., eye movements) were 251 observed via a mounted camera but not recorded. 252
A phase-encoded design was employed, and conditions were presented in periodic order. Each 253 stimulus cycle was composed of four video clips (observed touches to each of the four fingers), and 254 four response screens (one after each video clip). One cycle was 42.7 seconds long. The presentation 255 of sandpaper grit values across conditions was counter-balanced. Each sandpaper was presented 256 four times. The first trial was always discarded from the analyses to match the length of both cycles 257 (see below). To control for scanner-specific drifts as well as voxelwise variations in hemodynamic 258 delay, we used two cycle orders: the first presented touches to the index finger, followed by the 259 middle finger, the ring finger, and the small finger (D2 -> D5 cycle). The other presented touches, first 260 to the small finger, followed by the ring finger, the middle finger, and the index finger (D5 -> D2 261 cycle). The two cycle types were presented in separate blocks. In each block, 25 cycles of the same 262 type were presented in direct succession, and without breaks. The second block started after a short 263 break and presented 25 cycles of the other cycle type in the same way. Block order was 264 counterbalanced across participants, and scanning days. At the start and end of each block, a 15-265 seconds fixation screen was presented. Each block lasted 18.3 minutes. In total, each participant 266 performed four visual blocks, two of each cycle type. 267
In the blocked design, there were eight experimental conditions: Observed touches to each of the 268 four fingers, and visual control conditions where sandpaper samples approached but did not touch 269 the same four fingers. The video clips used here showed hands in the third-person perspective. It 270 were the same videos as those used in the phase-encoded design, but rotated by 180 degrees (see 271 Figure 1 ). For the visual control conditions, the same hand was displayed on the screen (also in the 272 third-person perspective), but the sandpaper stopped approximately 1 cm in front of the fingertip. 273
Movement speed was kept constant. Before the video clips were presented, a screen appeared for 2 274 seconds instructing participants to rate the roughness of the sandpaper surfaces. After each video 275
clip, a response screen appeared for 4 seconds with seven vertical lines displayed horizontally and 276 equally spaced (leftmost line = no touch, rightmost line = maximal roughness). Participants were 277 instructed to use left-hand button presses (index finger and middle finger) to move a randomly 278 located arrow to the number which best matched the roughness level of the sandpaper they had 279 seen in the previous trial. If they observed a video where no touch occurred, they were instructed to 280 choose the leftmost line. 281
Each trial was composed of one video clip lasting for 9 seconds, and one response screen. There 282 were 6 or 20 seconds pause before the next trial started (6 seconds for two thirds of the trials, 20 283 seconds for one third of the trials, randomized and counter-balanced across conditions). This added 284 up to a medium trial length of 30.5 seconds. Each condition was repeated 24 times. There were 96 285 trials per session, which added up to a total duration of 48 minutes per session. Conditions were 286 pseudo-randomly presented with the constraints that no condition was presented more than twice 287 in a row, and that conditions were presented mirror-symmetric (i.e., the second half of the 288 experiment mirrored the first half). In one of the two scanning sessions, touch on video was 289 presented to the index finger or the ring finger, in the other touch on video was presented to the 290 middle finger or the small finger, respectively. The order of scanning sessions was counterbalanced 291 across participants, and scanning days. (http://surfer.nmr.mgh.harvard.edu/) were used for brain segmentation and cortical surface 295 reconstruction using the T1-weighted 3D MPRAGE. Recon-all is a fully automated image processing 296 pipeline, which, among other steps, performs intensity correction, transformation to Talairach space, 297 normalization, skull-stripping, subcortical and white-matter segmentation, surface tessellation, 298 surface refinement, surface inflation, sulcus-based nonlinear morphing to a cross-subject spherical 299 coordinate system, and cortical parcellation Fischl et al., 1999) . Skull stripping, 300 construction of white and pial surfaces, and segmentation were manually checked for each individual 301 participant. 302
Preprocessing phase-encoded study (touch observed in first-person perspective) 303
Rigid-body realignment was performed to minimize movement artifacts in the time series (Unser et  304 al., 1993a, b), and slice timing correction was applied to the functional data to correct for differences 305 in image acquisition time between slices, all using SPM8 (Statistic Parametric Mapping, Wellcome 306
Department of Imaging Neuroscience, University College London, London, UK). Distortion correction 307 of the functional images due to magnetic field inhomogeneities was performed using FSL fugue 308 based on a fieldmap scan prior to each functional scan. Functional time series were cut using fslroi. 309
The functional volumes acquired while participants observed the fixation cross at the beginning and 310 end of the experiment, and the data acquired during the first cycle were removed. After this 311 procedure, the time series of the D2 -> D5 cycles and the D5 -> D2 cycles were mirror-symmetric to 312 each other. Each of these (shorter) time series was then registered to the T1-weighted 3D MPRAGE 313 used for recon-all using csurf tkregister. We used 12 degrees of freedom, non-rigid registration. The 314 resulting registration matrix was used to map the x,y,z location of each surface vertex into functional 315 voxel coordinates. The floating point coordinates of points at varying distances along the surface 316 normal to a vertex were used to perform nearest neighbor sampling of the functional volume voxels 317 (i.e., the 3D functional data were associated with each vertex on the surface by finding which voxel 318 that point lay within). 319
Functional time series of the different cycle directions (D2 -> D5 and D5 -> D2 cycle) were averaged 320 time point by time point by reversing the direction of time on a scan-by-scan basis. This was feasible 321 because both scans were mirror-symmetric (see above). The time-reversed cycle direction (D5 -> D2 322 cycle) was time-shifted before averaging by 4 seconds (= 2 TRs) to compensate for hemodynamic 323 delay. Averaging was done in 3D without any additional registration. 324
Statistical analyses phase-encoded study (with touch observed in first-person perspective) 325
The program fourier implemented in csurf (http://www.cogsci.ucsd.edu/~sereno/.tmp/dist/csurf) 326 was used to conduct statistical analyses on the averaged time series. In brief, the program runs 327 discrete Fourier transformations on the time course at each 3D voxel, and then calculates phase and 328 significance of the periodic activation. 24 and 12 stimulation cycles for visual and tactile sessions, 329 respectively, were used as input frequencies. No spatial smoothing was applied to the data before 330 statistical analyses. Frequencies below 0.005 Hz were ignored for calculating signal-to-noise, which is 331 the ratio of amplitude at the stimulus frequency to the amplitudes of other (noise) frequencies. Very 332 low frequencies are dominated by movement artifacts, and this procedure is identical to linearly 333 regressing out signals correlated with low frequency movements. High frequencies up to the Nyquist 334 limit (1/2 the sampling rate) were allowed. This corresponds to no use of a low-pass filter. The 335 higher-frequency periodic activation due to task responses at 0.08 Hz (versus 0.005 Hz for finger 336 mapping) was discarded as an orthogonal nuisance variable when calculating signal-to-noise. For 337 display, a vector was generated whose amplitude is the square root of the F-ratio calculated by 338 comparing the signal amplitude at the stimulus frequency to the signal at other noise frequencies 339 and whose angle was the stimulus phase. The Fourier analyzed data were then sampled onto the 340 individual surface. To minimize the effect of superficial veins on BOLD signal change, superficial 341 points along the surface normal to each vertex (upper 20% of the cortical thickness) were 342 disregarded. Clusters that survived a surface-based correction for multiple comparisons of p < 0.01 343 (correction was based on the cluster size exclusion method as implemented by surfclust and 344 randsurfclust within the csurf FreeSurfer framework, Hagler et al., 2006), and a cluster-level 345 correction of p < 0.001, were defined as significant. This significance threshold was used to identify 346 significant tactile maps at the individual level. Visual maps were identified using a different statistical 347 approach (see below). 348
For group analyses, complex-and real-valued data from each individual participant's morphed 349 sphere were sampled to the canonical icosahedral sphere surface using a Freesurfer tool, 350 mri_surf2surf. One step of nearest neighbor smoothing was applied to the data after resampling. 351
Components were averaged in this common coordinate system, and a phase dispersion index was 352 calculated. Finally, a (scalar) cross-subject F-ratio was calculated from the complex data. For phase 353 analyses, the amplitude was normalized to 1, which prevented over-representing subjects with 354 strong amplitudes. An average surface from all subjects was then created (similar to fsaverage) using 355 the FreeSurfer tool, make_average_subject, and cross-subject average data were also resampled 356 back onto an individual subject's morphed sphere. To sample data from surface to surface, for each 357 vertex, the closest vertex in the source surface was found; each hole was assigned to the closest 358 vertex (Freesurfer mris_surf2surf). If a vertex had multiple source vertices, then the source values 359 were averaged. Surface-based statistics were performed as in the individual subject analyses (i.e., 360 correction for multiple comparisons at p < 0.01, and cluster-level correction at p < 0.001, Hagler et 361 al., 2006). This statistical procedure was used to identify significant tactile maps. Visual maps were 362 identified using a different statistical approach (see below). 363
We estimated the similarity between both group datasets -visual and tactile -across the cortex 364 using circular correlation within surface-based searchlights centered at each vertex. Circular 365 correlation was calculated as follows: 366
(csurf tksurfer corr_over_label, circular correlation component equivalent to the MATLAB code in the 368 circular statistics toolbox). Each searchlight comprised the 150 nearest vertices (selected by 369 approximation to geodesic distances) to each (center) vertex. Importantly, when performing circular 370 correlations, we took care to avoid spurious correlations due to a single voxel being sampled by 371 multiple vertices as follows: for each voxel, we found all the vertices within it (nearest-neighbor 372 sampling), averaged their locations, then found the vertex in that group nearest the average position, 373 and used that vertex alone as the 'representative' vertex for that voxel (csurf tksurfer 374 find_uniqsamp_vertices). Correlations with a p-value below 0.01, and a minimal cluster size of 5 375 voxels were considered significant. 376
Additional comparisons between visual and tactile maps were conducted within larger regions of 377 interest using circular correlation as well as alignment indices. Both measures were evaluated across 378 a region of interest defined as a connected two-dimensional patch of surface vertices in area 3b that 379 had a significant periodic response to physical touch perception (F(2,245) > 4). Corresponding 380 vertices were extracted from the periodic responses to touch observation. Analyses were performed 381 at the individual level, and at the group level using real-valued statistics (F). The alignment index for 382 each pair of vertices was defined as 383 Alignment index = 1 -|delta phi| / pi 384 where delta phi is the smallest angle between the two phase measurements in radians (Sereno and 385 Huang, 2006; Mancini et al., 2012) . This index ranges from 1 (where the phase measurement at a 386 vertex is identical in the two data sets) to 0 (where the phase measurements are separated by pi, for 387 example, index and ring finger). A histogram of alignment indices for a region of interest that is 388 sharply peaked near 1 indicates that the two maps are well aligned (perfect alignment would be a 389 spike exactly at 1). The average of the alignment indices (average angular offset) and the standard 390 deviation of angular offsets were calculated for each comparison to roughly characterize the 391 distribution. To statistically compare a random set of AIs to the empirically measured set of AIs in 392 each individual, we calculated random AIs by taking each individual's empirically measured phase 393 values of the tactile map, generated a random sample of visual phase values, and computed the AI as 394 described above. We then compared the empirically measured AIs to the random AIs for each 395 subject using paired-sample t-tests and a Bonferroni-corrected p-value of p < 0.0031 to determine 396 significant differences. 397
We also performed circular correlations between tactile and visual phase values within the region of 398 interest (entire finger map area) using a Bonferroni-corrected p-value of p < 0.0031 to determine 399 significant correlations. Finally, we calculated probability density estimates for the empirically 400 measured AIs, and the simulated (random) AIs. Estimates were based on a normal kernel function, 401
and were evaluated at equally-spaced points. The sampling rate of the histogram was in steps of 402 0.01, the bandwidth of the distribution function was 0.04. 403
To estimate map amplitudes (in %), we started with the discrete Fourier transform response 404 amplitude (hypotenuse given real and imaginary values) for each vertex within our regions of 405 interest. This value was multiplied by 2 to account for positive and negative frequencies, again 406 multiplied by 2 to estimate peak-to-peak values, divided by the number of time points over which 407 averaging was performed (to normalize the discrete FT amplitude), and divided by the average 408 brightness of the functional data set (excluding air). Finally, the value was multiplied by 100 for 409 percentage response amplitude. 410
We also extracted individual peak coordinates (x, y, and z, in surface-space) of tactile and visual 411 single finger representations in the area 3b tactile map area. To compute x-, y-, and z-bias, we found 412 the difference between the peak coordinate of the visual map and the peak coordinate of the tactile 413 map individually for each finger, and each participant. These biases were averaged, and compared 414 against zero using one-sample t-tests. 415
Preprocessing blocked design study (with touch observed in third-person perspective) 416
Realignment and unwarping was performed to minimize movement artifacts in the time series 417 (Unser et al., 1993a, b), and slice timing correction was applied to the functional data to correct for 418 differences in image acquisition time between slices, all using SPM8. 419
One functional data set per participant (volumes acquired during the tactile index finger/ring finger 420 block) was registered to the 7T T1-weighted image using normalized mutual information registration, 421 and 6th degree B-spline interpolation. The other functional data sets (there were four in total: 2 422 visual sessions + 2 tactile sessions) were co-registered to the already registered functional data set 423 using normalized cross-correlation, and 6th degree B-spline interpolation. Normalized cross-424 correlations were re-run multiple times (usually 2-3 times) until a plateau was reached where no 425 further enhancement in registration could be detected. Registration was performed with SPM8. Note 426 that data were neither normalized nor smoothed (beyond interpolation during registration) during 427 this procedure. 428
All time series were then registered to the T1-weighted 3D MPRAGE used for recon-all (see above) 429 using csurf tkregister. We used 12 degrees of freedom, non-rigid registration (the registration matrix 430 maps x,y,z location of each surface vertex into functional voxel coordinates the individual subject level, voxels that survived a significance threshold of p < 0.05 were mapped 455 onto the cortical surfaces using the procedure as described above. These thresholded contrast 456 images were used for region-of-interest analyses on the individual subject level within the FSL-457 framework. Non-thresholded t-maps were used for computing group-averaged tactile and visual 458 maps (for visualization purposes only). 459
We compared tactile maps acquired in the two different studies (phase-encoded and blocked-design) 460 within those participants who took part in both studies (n = 9). We used the phase-encoded tactile 461 maps to define regions-of-interest for each individual finger, and each individual subject within area 462 3b (cluster-level corrected, √[F] > 2). Freesurfer surface-labels were used for areal definition. SPM-463 contrast estimates of each of the four computed tactile contrasts (see above) were extracted from 464 each single finger receptive area defined as described above, averaged, and compared to one 465 another using paired-sample two-tailed t-tests, and a significance threshold of p < 0.05 466 (uncorrected). T-tests reveal robust results also when sub-samples of the data are not normally 467 distributed (Bortz, 1999) . 468
For all participants (n = 13), contrast estimates of each of the eight computed visual contrasts (see 469 above) were extracted from each single finger receptive area within area 3b. Anterior-posterior 470 boundaries were taken from Freesurfer surface labels. Significant clusters of the blocked design 471 tactile maps of each individual participant (thresholded at F > 4) were used to define the response 472 regions. We compared mean contrast estimates between corresponding and non-corresponding 473 receptive areas for the observed touch study and visual control study using a paired-sample t-test 474 and a significance threshold of p < 0.05. We also characterized topographic similarity of visual and 475 tactile maps across the whole finger representation, also for both the observed touch and the visual 476 control study. For this aim, the single finger response regions as defined above were merged, and 477 amplitude values for each surface vertex were extracted for the eight visual contrasts and the four 478 tactile contrasts (one contrast for each finger), respectively. Correlation coefficients of the vectors 479 were calculated using Pearson correlations. The correlation coefficients were first computed at the 480 individual subject level, and then averaged across subjects to calculate group averaged correlation 481 matrices. Mean correlation cofficients were then compared between corresponding and non-482 corresponding fingers for the observed touch and visual control study using paired-sample t-tests 483 and a significance threshold of p < 0.05. 484
We calculated percentage of correct responses of visual and tactile control conditions, where no 485 stimulation at the fingertip occurred. We compared percentage of correct responses of visual and 486 tactile conditions against each other using a paired-sample t-test, and a significance threshold of p < 487 0.05. We further calculated mean absolute error for the visual and tactile conditions by computing 488 the difference between observed / physically perceived touch, respectively, and estimated level of 489 roughness. We compared mean absolute error rates of visual and tactile conditions against each 490 other using a paired-sample t-test and a significance threshold of p < 0.05. 491
EMG Experiment 492
The electromyography (EMG) signal is a biomedical signal that measures electrical currents 493 generated by muscles during their contraction (Raez et al., 2006) . EMG was measured via EMG 494 reusable surface cup electrodes over the vicinity of the extensor digitorum muscle of the right arm 495 where small finger movements can be detected by changes in signal amplitude (Ishii, 2011) . EMG 496 studies were performed in a mock scanner, which realistically simulates the MR scanner 497 environment, but without the magnetic field. In the first study, EMG signals were recorded while 498 participants observed the same video material and were instructed in the same way as in the 499 experiment reported above (fMRI scanning (visual sessions), third paragraph) except that 500 participants responded via eye movements as in the phase-encoded study. The order of presentation 501 was randomized, there were 12 trials per condition. In a second study, participants observed the 502 same videos but were instructed to perform small finger movements while watching the touch 503 videos. This second experiment was performed to ensure that electrode placement, and analyses 504 methods were suitable to detect significant EMG signal changes if small finger movements occurred 505 during touch observation. The signal was sampled at 5000 Hz. 506 507
For EMG signal analyses, we followed a standard procedure: we extracted the raw signal via the 508 differential mode (difference in voltage between the positive and negative surface electrodes). We 509 performed full wave rectification, and applied a butterworth filter of 50 Hz to the data. Time series 510 were divided into time windows representing either the rest periods (beginning and end of 511 experiment where a fixation-cross was shown), the no-touch observation periods, or the touch 512 observation periods for study 1. For study 2, time windows were defined for the rest periods and the 513 no-touch observation periods as above, and for the instructed movement periods. We calculated 514 mean EMG signal amplitudes (in voltage) for each condition, and compared them within each study 515 using a repeated-measures ANOVA, and a significance threshold of p < 0.05. Significant main effects 516 were followed-up by one-sided paired-sample t-tests to specifically test for higher signal amplitude in 517 the touch observation and instructed movement periods compared to the other two conditions of 518 each study. 519 520
Results 521
Vision activates topographic maps in primary somatosensory cortex 522
The first set of analyses was devoted to testing whether receiving touch to the fingers or observing 523 touch to the same fingers activates topographically aligned finger maps in contralateral area 3b. Data 524 from three fMRI sessions acquired at a 7 Tesla MR scanner were used. Participants either viewed 525 video clips of hands being touched at the fingertips, or were touched by the same stimuli at their 526 own fingertips (see Figure 1 ). Visual and tactile stimuli were presented in a periodic pattern, with one 527 stimulus set starting with index finger touch (or vision of index finger touch, respectively) followed by 528 middle finger touch, ring finger touch, little finger touch, back to index, and so on, and the second 529 stimulus set running in reversed order. This design allowed the use of balanced Fourier-based 530 analysis techniques (Sereno et al., 1995) By visually inspecting non-thresholded phase maps of group averaged data within postcentral gyrus, 533
we found that single finger representations were arranged in expected order, with the little finger 534 most superior, and the index finger most inferior on the cortical surface in tactile, but importantly, 535 also in visually-induced finger maps (see Figure 2A , Figure 3A ). As is also clearly visible, the visual 536 map was much weaker in amplitude compared to the tactile map (see Figure 2C ). 537
We then defined the expected general location of contralateral tactile finger maps within area 3b on 538 the basis of probabilistic Freesurfer surface labels. Probabilistic Freesurfer surface labels were used 539 in all reported analyses to identify area 3b. Tactile maps were defined on the basis of the phase of 540 voxels whose periodic response significantly exceeded surface-based cluster-filter thresholds, both at 541 the individual level, and at the group level. Those maps were then used as ROIs. Spoke plots (Hussain  542  et , see Table 1 , see Figure 5 ). 560 Circular correlations and AAIs were also computed on the individual level subject-by-subject. Circular 561 correlations were significant at a Bonferroni-corrected significance level of p < 0.0031 (corrected for 562 16 comparisons) for 13/16 participants, with AAIs ranging between 0.45 and 0.87 (mean AAI = 0.63 ± 563 0.11 (SD)). Maps of each individual participant are shown in Figure 4 and Figure 6 , histograms of each 564 individual participant are shown in Figure 5 . There was no significant shift of the visually-induced 565 single finger representations compared to the tactile single finger representations when peak values 566 were taken as independent measures, neither in the x-, y-, or z-dimension (all p > 0.28, see Figure 6 ). 567
In addition, we compared AAIs to randomly generated AAIs in each individual person. We found that 568 the AAIs were significantly higher than the randomly generated AAIs for 13/16 participants (all p < 569 0.0017, see Figure 5 , see Table 1 ). When combining both measures (i.e., the circular correlation 570 analyses and the comparisons against randomly generated visual maps), we found 11/16 participants 571 to show significant effects in both analyses at a Bonferroni-corrected significance level of p < 0.0031 572 (P1, P2, P3, P7, P8, P10, P11, P13, P14, P15, P16). 573
To make sure that our effect was specific to our ROI and such correlations did not diverge across the 574 whole cortical surface, we applied a whole-brain surface-based searchlight circular correlation 575 analysis to whole-brain tactile and visually-induced angle maps. We found correlated phases of 576 activation of local vertex sets at the stimulus frequency (p < 10 -15
, k > 0.7) in primary somatosensory 577 cortex across from, and just inferior to the hand knob area, and also within primary visual cortex. 578
Correlated maps were expected in visual cortex because participants fixated similar locations on 579 screen during tactile and visual scanning sessions and retinotopic stimulation occurred in both 580
conditions. Note that visual sessions always preceded tactile sessions such that the identical fixation 581 points could not influence visual map formation. Correlated phases were found in left area 3b, 582
extending to left area 1 (surface area = 80.3 mm 2 , 38 voxels, see Figure 2A , B). Note that we 583 prevented spurious auto-correlation (inflated degrees of freedom) by only considering one 584 representative mesh point for each functionally activated voxel (rather than including all the multiple 585 mesh points that would otherwise redundantly sample the same voxel). This avoids artificially 586 inflating the p-value. 587
We also compared mean response amplitudes of tactile and visually-induced maps to a normal 588 distribution with mean equal to zero, and found both maps to be significantly different from zero (all 589 p < 10 -10
). Mean response amplitudes of the tactile maps were significantly higher than those of the 590 visual maps (touch = 1.48 ± 0.25 %, vision = 0.50 ± 0.13 %, t(15) = 17.2, p < 10 -6 , see Figure 2C ) . The 591 relatively stronger amplitude of the tactile maps compared to the visual maps is also evident by 592 inspecting finger-specific time-series of visual and tactile maps as shown in Figure 3D . 593
Visually-induced topographic maps in area 3b are robust across viewing perspectives 594
Thirteen participants (n = 9 of the original cohort) participated in another fMRI study again with 595 multiple sessions. Touch was here viewed in the third-person perspective (see Figure 1 ). Note that in 596 this case, the visuotopic order of finger stimulation was reversed. This was designed to exclude the 597 possibility that simple visuo-spatial matching mechanisms were inducing the formation of visually-598 driven somatotopic maps. Additionally, it allowed us to investigate whether visually-induced 599 topographic maps were only activated during self-referenced touch (first person perspective, see 600 above), and whether our effect was robust across analyses techniques (Fourier analyses versus 601 blocked-design). The same stimulus material was used as in the study on first-person touches, except 602 that visual stimuli were rotated by 180° (third-person perspective). 603
To investigate whether a topographic finger map would be expressed during the observation of 604 third-person touches, we first compared mean betas between corresponding and non-corresponding 605 single finger receptive areas, which yielded a significant difference (t(12) = 2.88, p = 0.014, see Figure  606 7A). Then, we computed vertex-wise amplitude correlations between single finger response regions 607 of tactile and visual maps. Vertex-wise amplitude correlations allow the comparison of topographic 608 functional response dynamics, such as activation peaks, or center-surround inhibition. We found 609 positive correlations between tactile and visual response regions between corresponding fingers, 610 particularly between feeling touch at D5 and seeing touch to D5, whereas correlations were weaker 611 or negative between non-corresponding fingers (e.g., feeling touch at D5 and seeing touch to D2, see 612 Figure 7B ). The difference in correlation coefficients between corresponding and non-corresponding 613 fingers was significant (mean r corresponding fingers = 0.10 ± 0.01 (SD), mean r non-corresponding 614 fingers = -0.034 ± 0.09, t(14) = 2.49, p = 0.026, see Figure 7B ), which indicates that alignment 615 between tactile and visual maps also occurs when touch is observed in the third-person perspective. 616
Interestingly, whereas strong and specific correspondence between vision and touch was observed 617 for D5, weaker and/or less specific correspondences were observed for D4, D3, and D2, where also 618 neighboring finger representations sometimes responded to observing touches to these digits (i.e., 619 the receptive area of D3 responded more to touch observation to D2 than the receptive area of D2, 620 and the receptive area of D3 responded slightly more to touch observation to D4 than the receptive 621 area of D4). This indicates that viewing touches in the third person perspective weakens 622 correspondences between vision and touch, likely because correct matching requires a rotation by 623 180°. Because our task did not require specific attention to finger identity, participants may have 624 sometimes mixed up the identity of different fingers when they observed touch in the third person 625 perspective. Inspection of averaged heat maps of tactile and visually-induced maps reveals that 626 observing touch just in the case of the middle finger in the third-person perspective resulted in broad 627 and unspecific activations within the tactile map area, with no strong inhibitory response in the 628 receptive areas of the non-corresponding fingers (see Figure 8A ). The critical statistical comparisons 629 between corresponding and non-corresponding fingers, however, were significant, and a preference 630 for the corresponding finger ± 1 finger is visible in Figure 7B . We also evaluated whether one of the 631 four digits responded more strongly than the other digits to the observation of finger touches. We 632 conducted a repeated measures ANOVA with the factor finger, taking the averaged beta values as 633 dependent measures. This ANOVA was not significant (F(3,48) = 0.69, p = 0.56). 634
Actual contact between finger and object is mandatory for the expression of visually-driven finger 635 maps 636
Is actual observed contact between the finger and the stimulating object mandatory to evoke 637 topographically aligned visual finger maps in area 3b? Or is mere attention to a finger enough to 638 explain the observed effects? To investigate feature-selectivity of visually-induced maps, and to 639 investigate whether visuospatial attention towards a specific finger can activate non-afferent maps in 640 area 3b, a visual control condition was added to the blocked-design study, where the sandpaper-641 covered stimuli stopped shortly before they reached each fingertip (see Figure 1) . We again 642 compared mean betas between corresponding and non-corresponding fingers, as above, and here 643 did not find a significant difference (t(12) = 0.56, p = 0.58, see Figure 7A ). Then, we computed vertex-644 wise amplitude correlations between single finger response regions of tactile and visually-induced 645 maps (here recorded during the visual control condition), and also in this case found no topographic 646 correspondences between tactile and visually-induced maps: high and low correlation coefficients 647 appeared randomly spread between corresponding and non-corresponding fingers in the control 648 condition (see Figure 7B ). In this non-contact condition, the difference in correlation coefficients 649 between corresponding and non-corresponding fingers was not significant, as expected (mean r 650 corresponding fingers = 0.029 ± 0.084 (SD), mean r non-corresponding fingers = -0.0048 ± 0.13, t(14) 651 = 0.48, p = 0.63, see Figure 7B ). 652
We also compared finger maps as described by the phase-encoded design with those as described by 653 the blocked design for those participants who participated in both studies. We found that 654 topographic maps revealed by those two different methods showed high correspondence, as 655 evidenced by significantly higher mean contrast estimates within the region representing the same 656 finger compared to the regions representing different fingers (see Figure 7A , see 
Touch observation does not trigger muscle activations 667
To investigate whether touch observation might trigger tiny finger movements that nevertheless 668 could confound our results, EMG was measured over the vicinity of the extensor digitorum muscle 669 while participants either looked at a fixation cross, observed touch videos, or observed tactile control 670 videos (same stimulus material as above). We conducted a repeated-measures ANOVA with the 671 factors rest, observed touch, and visual control, which was not significant (F(2,22) = 0.45, p = 0.65, 672
see Figure 8B ). To be sure that our electrode placement and applied analyses techniques were in 673 principle able to detect small finger movements if present, we conducted a second experiment with 674 the same participants; this time we instructed them to perform small finger movements during the 675 observed touch condition (but not in the other two conditions). The experiment was otherwise 676 identical to the previous one. Here, as expected, the repeated-measures ANOVA with the factors 677 rest, visual control, and instructed movements obtained a significant main effect of condition (F(2,22) 678 = 5.11, p = 0.015), which was driven by significantly higher EMG signal amplitudes in the condition 679 where participants were instructed to perform small finger movements compared to the rest and no We have characterized somatotopic maps in human primary somatosensory cortex during actual 685 touch and during visually perceived (observed) touch to individual fingers. Our data show fine-686 grained alignment tangential to the cortical sheet in area 3b between: (1) actual tactile contact on a 687 particular finger, and (2) viewing the same finger of another person being touched. This alignment 688 was robust across viewing perspectives, but did not occur when the observed finger was only 689 approached by an object but not actually touched. The visual map was weak in amplitude, and was 690 detectable in the majority of participants, even though not in every individual. Our data indicate that 691 "foreign source maps" in early sensory cortices are weak but precise, and that their activation is 692 feature-selective. We also provide clarifying evidence for the multisensory response properties of 693 area 3b. 694
The multisensory response properties of somatosensory cortical area 3b have been controversial. 695
Whereas one study reported activation of area 3b in response to viewing touches (Schaefer et al., 696 2009), most other studies found no visually-induced responses in area 3b (Kuehn et al., 2013; Kuehn 697 et al., 2014; Chan and Baker, 2015) , and suggested that the area may only encode self-perceived 698 touch (Kuehn et al., 2013) . Here, we provide evidence for non-afferent finger maps in area 3b. Why 699 did the previous studies not obtain similar results? We used 7 Tesla fMRI, which has higher signal-to-700 noise ratios compared to standard MRI field strengths (Bandettini, 2009 By applying a statistical method that focused on phasic changes, we found visual maps to be 706 topographically precise, but relatively weak in signal intensity (~ 0.5 % mean response amplitude for 707 vision, ~ 1.5 % mean response amplitude for touch, both maps, however, were significantly different 708 from zero). The strength of activity triggered by observation of touches seems to be higher in less 709 topographically precise areas, such as area 2, area 5, and the secondary somatosensory cortex 710 (Keysers et al., 2004; Kuehn et al., 2013; Kuehn et al., 2014) . In the present study, fine-grained 711 visually-driven finger maps were detected in area 3b and area 1. 712
Our data show that "foreign source maps" in primary somatosensory cortex are arranged very 713 similarly to afferent inputs that reach the same area. We did not find systematic shifts of the visually-714 induced maps compared to the tactile maps, for any of the four fingers. This rejects the hypothesis of 715 a distorted or shifted visually-driven map compared to the tactile map on average. Wide area 716 searches showed that correlations between tactile and visually-induced maps were strongest in the 717 hand area of contralateral primary somatosensory cortex, and in primary visual cortex; that is, they 718 were confined to fine-grained topographic map areas. were conducted, each composed of three sessions. In the phase-encoded study (observation of first 947 person touches, lower panels), visual and tactile stimuli were presented in repeated cycles. 9-second 948 blocked stimulation of the index finger (D2) was followed by 9-second blocked stimulation of the 949 middle finger (D3), the ring finger (D4), the small finger (D5), back to D2 and so forth. In a different 950 session, finger stimulation order was reversed to cancel fixed local differences in hemodynamic delay 951 (Huang and Sereno, 2013) . After each finger stimulation, the numbers "1" (not rough) to "6" (very 952 rough) were displayed on screen for 1.6 seconds, and participants judged the roughness of the 953 previous sandpaper via eye gaze. In the two visual sessions, participants saw finger touches on 954 screen, rather than feeling them on their own fingertips. In the blocked-design study (observation of 955 third person touches, upper panels), stimulation blocks were presented randomized using similar 956 stimulus material, except that videos were rotated by 180°, and tactile as well as visual control 957 conditions were added where the sandpaper and the finger did not touch. Finger touches were 958 presented for 9 seconds, and participants had a 4 second time window to respond. Inter-trial 959 intervals were 6 seconds in two thirds of the trials, and 20 seconds in one third of the trials. 960 
